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1 Introduction
With the rapid development of computer technology, 
using numerical simulation method to study dendrite 
growth process is more and more favored by scholars. 
To simulate the microstructure evolution process of 
materials, appropriate research methods need to be 
adopted, which should not only improve the calculation 
efficiency as much as possible, but also ensure the 
calculation accuracy. Lattice Boltzmann Method (LBM) 
is a mesoscopic fluid calculation method developed 
in recent years. Compared with several other fluid 
calculation methods [1-2], LBM has good stability, can 
calculate complex fluid boundaries, and its algorithm 
is simple [3-4]. Especially, it can efficiently calculate 
the melt flow between dendrites, which is difficult 
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to achieve by traditional continuity methods such as 
finite volume method (FVM), finite element method 
(FEM) and finite difference method (FDM). Cellular 
automata (CA) has a physical background in calculating 
dendrite growth, and the program is relatively simple. 
At present, it has become one of the main methods for 
alloy solidification structure simulation calculation [5-7].
Coupling the above two methods can give full play to 
their advantages and have great potential in solidification 
structure simulation. 

At present, many scholars used CA method to study 
3D dendrite growth. Brown et al. [8-9] established a 
coupling model of 3D CA and FDM to calculate the 
eutectic growth. Wang et al. [10] predicted the primary 
dendrite arm spacing by coupling 3D CA with FDM, 
and simulated the evolution process of equiaxed and 
columnar crystals. Pan et al. [11] established a sharp 
interface model to simulate the growth morphology 
of 3D equiaxed crystals with different growth angles. 
Xu et al. [12] established a 3D CA model to simulate 
the solidification process of ingot, which improved 
the calculation efficiency through macro and micro 
coupling, and the calculation results were also 
consistent with the experimental results. Jiang et al. [13]
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proposed a 3D model that can calculate the dendritic 
morphology evolution of the alloy by combining CA and FDM, 
which can accurately calculate the microstructure evolution 
process of the alloy during solidification. Zhang et al. [14]

established a 3D CA model to simulate the grain evolution. 
The correctness of the model was verified by comparison with 
the theoretical predictions of binary and ternary alloys, and 
the effect of the interaction between several alloy elements 
on grain growth was studied. Wei et al. [15] presented a limited 
neighbor solid fraction method to reduce the mesh induced 
anisotropy, and established a 3D adaptive mesh refinement CA 
model to simulate the morphology of 3D equiaxed dendrites 
of pure materials. Chen et al. [16] established an improved 
CA model, which can calculate the growth of equiaxed 
grains of ternary aluminum alloys, and the calculated results 
are consistent with the experimental results. Pian et al. [17] 
established a model that can calculate the regular growth 
of 3D dendrites. The calculation results of the model are 
consistent with the actual situation. Cheng et al. [18] developed 
a quantitative CA model to calculate the dendrite morphology 
evolution during solidification of 3D ternary alloys. The 
model can accurately calculate the solute distribution and 
morphology of equiaxed dendrites and columnar crystals 
during solidification, and can also simulate the effect of the 
third component concentration on the grain growth process.

The above 3D numerical simulation of dendrites is limited 
to the free growth of several equiaxed dendrites under pure 
thermal diffusion and solute diffusion condition, and the 
flow behavior of fluid between dendrites is not involved. In 
the actual solidification process, the growth of dendrite is 
accompanied by the release of latent heat and the discharge of 
solute, which will cause density difference in the melt from 
two aspects of temperature and concentration, and then lead to 
natural convection in the melt, which in turn affect the growth 
of dendrite. Therefore, fluid flow is one of the important 
factors affecting the growth of dendrite. The study of fluid flow 
pattern in dendrite growth process is of great significance to 
deeply understand the formation mechanism of microstructure.

In this study, a LB-CA coupling model based on two sets of 
grids was constructed. LBM was used to calculate the macro 
field transmission in the static grid and CA method was used 
to calculate the dendrite growth in the dynamic grid. The fluid 
flow behavior during dendrite growth with random preferred 
growth orientation was studied by using this model.

2 Material and methods
Al-4.7wt.% Cu alloy is selected as the simulation material, and 
its calculated thermophysical parameters are shown in Table 1.

Table 1: Physical properties of Al-4.7wt.%Cu alloy

Physical parameter Symbol Value

Liquidus temperature TL (K) 917

Solidus temperature TS (K) 821

Liquidus slope m [K(wt.%)-1] -3.44

Thermal diffusivity α (W·m-1·K-1) 3×10-8

Interface anisotropy coefficient ε 0.05

Diffusivity in liquid D (m2·s-1) 3.0×10-9

Partition coefficient k 0.145

Kinematic viscosity ν (m2·s-1) 9×10-9

2.1 LBM model
The D3Q15 model of LBM was used to calculate the 
macroscopic field. The evolution equation of flow field 
distribution function is [19]:

(4)

where fi(x,t) represents the probability of particles appearing in 
time t and position x, which is called the distribution function. 
fi

eq(x,t) represents the equilibrium distribution function, Δt 
represents the time step, ei represents the particle velocity, and 
τf represents the flow field relaxation time. fi

eq(x,t) and τf can be 
obtained from Eqs. (2) and (3):

where c is the lattice velocity, ωi is the weight coefficient, ρ is 
the density, u is the velocity, ν is the fluid viscosity.

Fi is the external force source term, which represents the 
interaction force between fluids in natural convection, can be 
obtained by Eq. (4) :

(3)
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According to the Boussinesq approximation, the buoyancy F can 
be calculated by Eq. (5):

(5)

(6)

(10)

(11)

(12)

(13)

(14)

(15)

where ρ0 represents the initial density of the fluid, T0 represents 
the initial temperature, T represents the current temperature, 
C0 represents the initial concentration, C represents the current 
concentration, βT and βC represents the volume expansion coefficient 
of the temperature change and the concentration change respectively, 
g represents the gravity acceleration.

In the calculation of temperature field and concentration field, 
the distribution functions of temperature, hi(x,t), and concentration, 
gi(x,t) can be calculated by Eq. (6) and Eq. (7):

The equilibrium distribution function corresponding to temperature 
and concentration can be calculated by Eq. (8) and Eq. (9), 
respectively:

In Eq. (6) and Eq. (7), the values of temperature field relaxation 
time τα and concentration field relaxation time τD can be calculated 
by corresponding thermal diffusion coefficient α and solute diffusion 
coefficient D, respectively:

where, Cl represents the liquid phase composition, k represents 
the equilibrium distribution coefficient, Δfs is the increase of solid 
fraction of an interface cell, L represents the solidification latent heat, 
cp represents the specific heat capacity. 

The macroscopic physical quantity can be calculated by adding the 
corresponding distribution function:

All boundaries of the flow field were treated by the 
non slip bounce back. For the concentration field, the 
boundary of the computational domain was the non-
diffusion boundary, and the solid-liquid boundary was 
treated by bounce back. For the temperature field, the 
boundary of the simulation region was treated by non-
equilibrium extrapolation, and it was assumed that the 
thermal conductivity of the solid phase and the liquid 
phase were the same.

2.2 CA model
The solute diffusion model proposed by Pan et al. [11] was 
used for the calculation of grain morphology evolution. 
The Δfs of growth grid can be calculated by:

(16)

(17)

(18)

where, Cl
eq represents the equilibrium solute concentration 

of the cell, can be calculated as:

where, T eq represents the equi l ibr ium l iquidus 
temperature at the concentration of C0, m represents 
the slope of the liquid line of the alloy, Γ represents the 
Gibbs-Thomson coefficient, and wmc represents the 
weighted mean curvature at a 3D scale, the value of 
which can be calculated by:

where, ε represents the anisotropy coefficient of 
interface energy, nx, ny, nx and Q can be calculated by 
Eq. (21) to Eq. (25):

where fs is the solid fraction of an interface cell.

(8)

(9)

Hi and Gi in Eq. (6) and Eq. (7) represent concentration and 
temperature source term, respectively, and their values can be 
calculated by:
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Fig. 1: Streamline distribution of single dendrite

2.3 Nucleation model
The continuous nucleation model based on Gaussian 
distribution proposed by Rappaz et al. [20] was selected as the 
nucleation part of this study. This model is widely used in the 
numerical simulation in foundary and other fields [21-22].

The functional relationship between nucleation rate and 
undercooling in the continuous nucleation model can be 
expressed as:

(26)

(27)

where n represents the melt nucleation density; nmax represents 
the maximum nucleation density; ΔT is the undercooling; 
ΔTσ is the standard variance undercooling;      is the average 
of nucleation undercooling. The nucleation density can be 
obtained by integrating the above formula:

2.4 Two sets of grid methods
The whole computing domain was divided into static grids, 
which are in the absolute coordinate system; each dendrite 
was set with its own dynamic grid, which was in the dynamic 
coordinate system, and the direction of the dynamic coordinate 
system was consistent with the growth direction of the 
dendrite. Therefore, dendrites always grow regularly in their 
dynamic coordinate system, and the size of dynamic grid 
changes dynamically with the growth of dendrites [23].

The temperature field, solute field and flow field were 
calculated by LBM in the absolute coordinate system, the 
calculation results were transformed into the dynamic grid 
in the dynamic coordinate system by interpolation method, 
and then the dendrite growth was calculated by CA method. 
Dendrites grow regularly in dynamic coordinate system 
without considering mesh anisotropy. In one time step, after 
calculating the dendrite growth in the dynamic coordinate 
system of each dendrite, the calculation results were converted 
to the static grid of the absolute coordinate system for the next 
cycle calculation. LBM and CA were calculated independently 
in dynamic and static grids, respectively, and the data exchange 
was realized by coordinate transformation and interpolation 
calculation.

Coordinate conversion was realized by coordinate rotation 
matrices R1, R2 and R3. The three coordinate rotation matrices 
are respectively shown in Eq. (28)-Eq. (30):

where, angle_x, angle_y and angle_z are the preferred angle of 
the dendrite.

3 Results and analysis
3.1 Streamline around single dendrite and 

three dendrites
The simulation area was divided into 140×140×140 cells, 
the undercooling was set to 7 K, and the static grid size was 
0.5 μm. The dynamic mesh size was also 0.5 μm. The initial 
concentration in the simulation area was C0, a crystal seed was 
placed in the center of the calculation area, the angle of the seed 
was π/4, π/4 and 5π/4, respectively, and the initial concentration 
of the seed was kC0. Figure 1 shows the distribution of 
streamlines around the growth of a single dendrite (some 
streamlines are selected for analysis). Due to the discharge of 
solute and latent heat from the dendrite solid-liquid interface 
to the liquid phase during solidification, natural convection is 
formed.

It can be seen from Fig. 1 that there are vortices near the tip 
of the solidified dendrite, and there are through flows between 
the main dendrite arms. This is because at the dendrite tip, 
there is a large space for fluid free movement, which is 
conducive to the formation of vortices; while between the 
dendrite arms, the vortices cannot be expanded due to the 
obstruction of the dendrite arms, so through flow is formed.

Figure 2 shows the cross-section of concentration field 
[Fig. 2(a)], temperature field [Fig. 2(b)] and flow field [Fig. 2(c)] of 
three adjacent dendrites at a certain time. The simulation area 
was divided into 100×100×100 cells, other conditions were 
the same as those for single dendrite. Three seeds were placed 
in the computing domain, the coordinates of which were 
(50, 50, 50), (60, 50, 60) and (60, 60, 60), respectively, and the 
angle_ x, angle_ y, angle_ z were π/4, π/4, π/4; π/3, π/3, π/3; 
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π/7, π/3, π/6, respectively.
The difference in density is the cause of natural convection, 

so the solute and temperature fields were analyzed at first. In 
Fig. 2(a), Zone 1 represents the cross-section of dendrites, 
Zone 2 represents the liquid phase between dendrites, Zone 3
represents the liquid phase at the front of the solid-liquid 
interface facing the melt, and Zone 4 represents the liquid 
phase in other parts of the calculation domain. It can be seen 
that the concentration of Zone 1 is less than 1%, Zone 2 is 
about 5.5%, Zone 3 is about 5%, and Zone 4 is about 4.7%, 
which is the initial concentration of liquid phase. In Fig. 2(a), 
the concentration of solid phase is the lowest in the whole 
section, followed by the initial concentration of liquid phase, 
and the concentration around the solid phase is the highest, 
and the concentration of the liquid phase between dendrites is 
higher than that in the area where dendrites facing the liquid 
phase, which is consistent with the concentration distribution 
law during dendrite growth.

Figure 2(b) shows the cross section of the temperature field. 
Zone 1 represents the liquid phase in the calculation domain 
and Zone 2 represents the solid phase region and the liquid 
phase region between dendrites.

Since this model assumes that the temperature diffusion 
coefficients of solid and liquid phases are the same, there is 

no obvious gradient between dendrites as shown in Fig. 2(b). 
When the liquid phase solidifies, the latent heat releases to the 
surrounding region. The temperature gradient between Zone 2 
and Zone 1 can be seen in Fig. 2(b), which is the result of the 
release of latent heat to the outer melt. 

Due to the asymmetric distribution of the solid phase in 
the calculation domain, the release of latent heat and solute 
is uneven, therefore, the internal temperature field of the 
solid phase is uneven, and there are some parts with high 
temperature, so there are some spots with relatively high 
temperature in Zone 2. The streamline in the simulation area 
is asymmetric, and the fluid flow mode is more complex than 
that of single dendrites, as shown in Fig. 2(c).

Figure 2(c) shows the streamline distribution during the 
growth of three adjacent dendrites. It can be seen that, similar 
to the single dendrite, there is obvious vortex flow near 
the dendrite tip. In the vertical direction, the flow between 
dendrites is formed, which is limited by the dendrite arm. In 
addition, in Fig. 2(c), the three dendrite tips at the bottom grow 
upstream, the three dendrite tips at the top grow downstream, 
and the solute is transported along the flow direction. 
Therefore, the solute is enriched at the downstream tip. As a 
result, the dendrite growth at the upstream tip is faster than 
that at the downstream tip.

Fig. 2: Cross section of macro field calculation results of three dendrites: (a) concentration field; (b) temperature 
field; (c) partial streamline

(a) (b) (c)

3.2 Changes of streamline during multiple 
dendrite growth

The simulation domain was divided into 80×80×80 cells. The 
number and location of crystal seeds were calculated by the 
continuous nucleation model proposed by Rappaz et al [20]. The 
preferred angle of each seed was randomly selected, and the 
other conditions were the same as the simulation conditions in 
Section 3.1.

Figure 3 shows the solid phase and streamline distribution 
in the calculation domain. It can be seen that the dendrites 
form a complex 3D skeleton network structure during the 
growth of multiple seeds, which hinders and limits the flow of 
melt, but the streamline passing between dendrites can still be 
observed, which is difficult to be calculated by traditional fluid 
calculation methods such as FVM. In Fig. 3(a), there is still a 
certain distance between dendrites, so the melt flow near each 

dendrite is relatively smooth, and obvious dense vortex at the 
tip of dendrite can be seen. When the dendrites continue to 
grow to contact, as shown in Fig. 3(b), the space available for 
liquid flow becomes narrow, the melt can only flow along the 
channels between dendrites that have not yet solidified, and the 
number of vortices is greatly reduced.

3.3 Changes of streamline during ECET process
When the ingot begins to solidify, under the cooling effect of 
the wall, fine equiaxed crystals will be formed on the wall, 
and then equiaxed crystals will compete to grow to form 
columnar crystal region. With the continuous development of 
columnar crystal region, equiaxed crystal will generally be 
formed at the front. This section studies the evolution process 
of melt flow in the above equiaxed-columnar-central equiaxed 
crystals transformation (ECET) process. The calculation 
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Fig. 3: Streamline distribution during multiple dendrite growth: (a) 7.5 ms; (b) 10 ms

domain was divided into 40×40×40 cells, with y=0 as the 
only heat dissipation surface, the heat transfer coefficient of 
this surface was set as 800 W·m-2·K-1, and the other surfaces 
were adiabatic surfaces. Due to the limitation of calculation 
capacity, the position and spacing of wall seeds were preset 
on the heat dissipation surface, and the spacing of seed in X 
and Z directions of the heat dissipation surface was 2.5 μm. 
The continuous nucleation model was used to calculate the 
nucleation in the melt in the calculation domain. The initial 
undercooling of the liquid phase was set to 4 K, and the other 
calculation parameters remained unchanged.

Figures 4(a)-(h) show the flow field evolution process 
of ECET process in the calculation domain. At the initial 
stage of calculation, as shown in Fig. 4(a), near the y=0 

surface, equiaxed crystals grow under the cooling of the heat 
dissipation surface, and the grains contact with each other. At 
this time, due to the solute discharge and latent heat release 
during solidification, dense vortex clusters are formed at the 
front of the solid-liquid interface, while the melt far away 
from the solid-liquid interface does not form vortex, because 
there is no obvious solute gradient and temperature gradient 
here. With the continuous growth of equiaxed crystal group, as 
shown in Figs. 4(b)-(d), the solid phase covers the whole heat 
dissipation surface at y=0. Several equiaxed crystals win in the 
competitive growth and become columnar crystals. The overall 
size of the solid-liquid interface increases and moves towards 
the positive direction of the Y axis. The eddy current scale also 
increases with the spread of the solid phase, but the streamline 

(b)

(a)

(c)

(b)

(d)

(a)
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Fig. 4: Streamline distribution in calculation domain at different simulation times: (a) 2.5 ms; (b) 5 ms; 
(c) 7.5 ms; (d) 10 ms; (e) 12.5 ms; (f) 15 ms; (g) 17.5 ms; (h) 20 ms

(e)

(g)

(f)

(h)

becomes sparse than that in Fig. 4(a). The position of the eddy 
current in the calculation domain also moves steadily with 
the advance of the solid-liquid interface. When solidification 
proceeds to Fig. 4(e), equiaxed crystals appear in the front 
of columnar crystals, but the scale of these seeds is still very 
small, which is not enough to have a significant impact on the 
overall fluid. With the continuous progress of solidification, as 
shown in Figs. 4(f)-(h), new equiaxed crystals continue to form 
at the front of columnar crystals, and continue to grow together 
with the previously formed equiaxed crystals. Some equiaxed 
crystals are in contact with columnar crystals [Fig. 4(g)],
and then adhere to them [Fig. 4(h)].

It can be observed from (f), (g) and (h) in Fig. 4 that with the 
coarsening and close combination of columnar crystals and the 
growth and expansion of equiaxed crystal region at the front of 
columnar crystals, the original vortex at the front of columnar 
crystal region gradually disappears, the streamline becomes 
sparse; and new eddy current regions are formed around 
equiaxed crystals. These flow processes are conducive to the 
homogenization of temperature field and concentration field. 
The columnar crystal and the eddy current flow at its front 
are the main reasons for the formation of A-type segregates 
in ingots [24]. Therefore, the calculation and analysis of flow 
during solidification is of great significance to further study the 
formation mechanism of macro segregation of ingot from a 3D 
perspective. The future work will further analyze the evolution 
process of solute distribution in solidification ECET process 
by natural convection from a 3D perspective.

4 Conclusions
On the basis of establishing a 3D LB-CA coupling model based 
on two sets of grids, taking Al-4.7wt.% Cu alloy as an example, 
the evolution process of fluid flow in the growth process of 
single dendrite, three dendrites, multiple dendrites and ECET 
process was simulated and studied. The following conclusions 
are obtained:

(1) In the case of single dendrite, the fluid is easy to form 
vortex flow near the dendrite tip, while the flow between the 
main dendrite arms is mainly through flow.

(2) In the process of multi dendrites growth, vortex flow 
can be formed between dendrites before dendrites contact, 
and fluid can also flow between dendrites. With the dendrites 
contacting each other, the region for fluid flow gradually 
becomes narrow, and the vortex gradually disappears, the fluid 
can only flow between dendrites.

(3) In the process of ECET, dense eddy currents are formed 
near the equiaxed crystal layer at the initial stage of wall equiaxed 
crystal growth. When the equiaxed crystals on the wall gradually 
compete to grow to form columnar crystal region, the dense eddy 
current becomes larger and moves to the central region with the 
continuous progress of the solid-liquid interface. When equiaxed 
crystals are formed in the front of columnar crystals, with the 
gradual growth of equiaxed crystals, the eddy current in the front 
of columnar crystals gradually disappears, and new eddy currents 
are generated between equiaxed crystals. As the solidification 
continues, the flow gradually becomes sparse.
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